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A study of elliptical ﬂow is carried out for different mass asymmetries of colliding nuclei using the
reactions of 24Cr50+44Ru102 (η = 0.3), 16S32+50Sn120 (η = 0.5) and 8O16+54Xe136 (η = 0.7). The present
reactions are simulated at incident energies between 50 and 250 MeV/nucleon within the framework of
isospin-dependent quantum molecular dynamics model. For the present analysis, total mass of colliding
pairs is kept ﬁxed and mass asymmetry is varied between 0.3 and 0.7. The elliptical ﬂow shows a
transition from in-plane to out-of-plane in the mid rapidity region with incident energy. The transition
energy is found to increase with the mass asymmetry for light charged particles. A good agreement is
obtained with experimental measurements.
© 2011 Elsevier B.V. Open access under CC BY license.1. Introduction
Large efforts are going on to understand the nuclear matter at
the extreme conditions of temperature and density and also to
explore the role of symmetry energy under these extreme con-
ditions [1]. One of the most sought after phenomena in this di-
rection is the collective ﬂow and its various forms [2–5]. For the
last few years, collective ﬂow has been used as a powerful useful
tool to explore the nuclear equation of state (EOS) as well as in-
medium nucleon–nucleon cross sections [1,6]. Collective ﬂow is a
motion characterized by the space-momentum correlations of dy-
namic origin. Following two different signatures of collective ﬂow
have been predicted: a) bounce-off of compressed matter in the re-
action plane [7] and b) squeeze-out of the participant matter out
of the reaction plane [8].
Such observables together represent the anisotropic part of the
transverse ﬂow that appears in the non-central heavy-ion collisions
only. The highly stopped and compressed nuclear matter around
the mid-rapidity region is seen directly in the squeeze out [9],
also known as elliptical ﬂow. The elliptical ﬂow has been proven
to be one of the most fruitful probes to study the dynamics of
heavy-ion collisions. The elliptical ﬂow describes the eccentricity
of an ellipse-like distribution. Quantitatively, it is the difference be-
tween the minor and major axis. The orientation of the major axis
is conﬁned to the azimuthal angle φ or φ + π2 for an ellipse-like
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whereas φ + π2 indicates that the orientation of the ellipse is per-
pendicular to the reaction plane (i.e., squeeze-out ﬂow). Therefore,
the elliptical ﬂow is deﬁned by the second-order Fourier coeﬃ-
cient from the azimuthal distribution of detected particles at mid-
rapidity [10]. Mathematically,
dN
dφ
= p0(1+ 2v1 Cosφ + 2v2 Cos2φ).
Here, φ is the azimuthal angle between the transverse momenta of
the particles and reaction plane. The positive values of the elliptical
ﬂow reﬂect in-plane emission, whereas out-off plane emission is
reﬂected by the negative values. The parameters 〈Cos2φ〉 of ellip-
tical ﬂow depend on the complex interplay between the expansion,
rotation and shadowing of the spectators, apart from the incident
energy. It is worth mentioning that both the mean ﬁeld and binary
nucleon–nucleon collision parts play an important role at interme-
diate energies. The mean ﬁeld potential plays a dominant role at
low incident energies, which is gradually taken over by the two
body collision part at higher incident energies. Therefore, a de-
tailed study on the excitation function of elliptical ﬂow in this
energy range can provide useful information about the nucleon–
nucleon interactions and origin of the isospin effects in heavy-ion
collisions.
Experimentally observed out-of-plane emission, termed as
squeeze-out, was ﬁrst observed by at SATURNE (France) by the
DIOGENE Collaboration [11]. The Plastic-Ball group at the BEVELAC
in BERKLEY were the ﬁrst one to quantify the squeeze-out in
symmetric systems [12]. Theoretically, many important develop-
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impact parameter and transverse momentum have been deter-
mined. It has been studied extensively by the group of M. Di Toro
et al. [13], where the transition to a mixed hadron–quark phase
at high baryon and isospin density is ﬁnally suggested. Moreover
the predictions are also shown for deep inelastic and fragmen-
tation collisions induced by neutron rich projectiles. They have
also presented quantitative results for asymmetric nuclear matter,
charge equilibration, differential collective ﬂow in fusion inelastic
reactions [14]. In 1995, Soff et al. [15], from the Frankfurt group
performed the detailed and systematic study of disappearance of
collective ﬂow for Ca + Ca and Au + Au reactions where a strong
impact parameter dependence of the in-plane balance energy Ebal
is observed. The balance energy increases with the impact param-
eter. However, they did not take mass asymmetry of the system
into account.
It is worth mentioning that the outcome of a reaction de-
pends also on the mass asymmetry of the reaction. Unfortunately,
very few investigations focus on this aspect. The mass asymme-
try of a reaction can be deﬁned by the asymmetry parameter
η = (AT − AP )/(AT + AP ); [16] where AT and AP are the masses
of the target and projectile, respectively. The η = 0 corresponds
to the symmetric reactions, whereas non-zero values of η deﬁne
different asymmetries of a reaction. As noted by FOPI group [11,
12,17–20], the reaction dynamics in a symmetric reaction (η = 0)
can be quite different compared to an asymmetric reaction (η = 0).
This is valid both at low and intermediate energies. This difference
emerges due to the different deposition of the excitation energy
(in form of compressional and thermal energies) in symmetric and
asymmetric reactions. Though the systematic role of mass asym-
metry has been explored in multifragmentation, no such study yet
exists in the literature for elliptical ﬂow [21]. We plan to address
this in present Letter.
We plan to understand how the elliptical ﬂow is affected by the
mass asymmetry of a reaction. This study is performed within the
isospin-dependent quantum molecular dynamics (IQMD) model
discussed in Section 2. Our results are presented in Section 3. Fi-
nally, we summarize the results in Section 4.
2. The model
The isospin-dependent quantum molecular dynamics (IQMD)
[20–22] model treats different charge states of nucleons, deltas and
pions explicitly, as inherited from the Vlasov–Uehling–Uhlenbeck
(VUU) model. The IQMD model has been used successfully for the
analysis of a large number of observables from low to relativistic
energies. The isospin degree of freedom enters into the calculations
via symmetry potential, cross sections and Coulomb interactions.
In this model, baryons are represented by Gaussian-shaped
density distributions
f i(r, p, t) = 1
π2h¯2
e
−(r−ri (t))2
2L e
−(p−pi (t))2 .2L
h¯2 . (1)
Nucleons are initialized in a sphere with radius R = 1.12A1/3 fm,
in accordance with the liquid drop model. Each nucleon occupies
a volume of h¯3 so that phase space is uniformly ﬁlled. The initial
momenta are randomly chosen between 0 and Fermi momentum
pF . The nucleons of the target and projectile interact via two and
three-body Skyrme forces, Yukawa potential and Coulomb inter-
actions. The isospin degrees of freedom is treated explicitly by
employing a symmetry potential and explicit Coulomb forces be-
tween protons of the colliding target and projectile. This helps in
achieving the correct distribution of protons and neutrons within
the nucleus.The hadrons propagate using Hamilton equations of motion:
dri
dt
= d〈H〉
dpi
; dpi
dt
= −d〈H〉
dri
(2)
with
〈H〉 = 〈T 〉 + 〈V 〉 is the Hamiltonian, which is written as:
=
∑
i
p2i
2mi
+
∑
i
∑
j>i
∫
f i(r, p, t)V ij
(r′,r) f j(r′, p′, t)dr dr′ dp dp′.
(3)
The baryon–baryon potential V ij , in the above relation, reads as
V ij
(r′ − r)= V ijSkyrme + V ijYukawa + V ijCoul + V ijSym
= t1δ
(r′ − r)+ t2δ(r′ − r)ργ−1
(r′ + r
2
)
+ t3 exp(|r
′ − r|/μ)
(|r′ − r|/μ) +
Zi Z je2
|r′ − r|
+ t4 1
ρo
T i3T
j
3.δ
(r′i − r j), (4)
where μ = 0.4 fm, t3 = −6.66 MeV and t4 = 100 MeV. The values
of t1 and t2 depends on the values of α, β , and γ [1]. Here Zi
and Z j denote the charges of the ith and jth baryon, and T i3, T
j
3
are their respective T3 components (i.e. 1/2 for protons and −1/2
for neutrons). The meson potential consists of Coulomb interaction
only. The parameters μ and t1, . . . , t4 are adjusted to the real part
of the nucleonic optical potential.
3. Results and discussions
For the controlled study of the role of mass asymmetry of a
reaction, we simulated several thousands events of various reac-
tions by keeping the total reacting mass A = 152 units. While the
total mass stays constant, mass asymmetry η is varied by choos-
ing different combinations of projectiles-targets. We shall perform
exclusive studies by simulating the reactions of 24Cr50 + 44Ru102
(η = 0.3), 16S32 + 50Sn120 (η = 0.5), and 8O16 + 54Xe136 (η = 0.7)
at incident energies between 50 and 250 MeV/nucleon for semi-
central impact parameter using a soft equation of state. The phase
space generated by the IQMD model is analyzed using the min-
imum spanning tree (MST) [1] method. This method binds two
nucleons in a fragment if their distance is less than 4 fm.
The elliptical ﬂow is deﬁned as the average difference between
the square of the x and y components of the particle’s transverse
momentum. Mathematically, it can be written as
v2 =
〈
p2x − p2y
p2x + p2y
〉
, (5)
where px and py being the x and y components of the momentum
respectively. The px is in the reaction plane, while py is perpen-
dicular to the reaction plane.
As stated above, positive value of elliptical ﬂow describes the
eccentricity of an ellipse-like distribution and indicates in-plane
enhancement of the particle emission, i.e., rotational behavior. On
the other hand, a negative value of 〈v2〉 shows the squeeze-out
effects perpendicular to the reaction plane. Obviously, zero value
514 V. Kaur et al. / Physics Letters B 697 (2011) 512–516Fig. 1. The transverse momentum dependence of elliptical ﬂow, summed over all
rapidity bins at bˆ = 0.3 for different asymmetries at 50 (left) and 100 (right)
MeV/nucleon. The upper and lower panels represent the free nucleons and light
charged particles (LCPs), respectively.
corresponds to an isotropic distribution. Generally, for a mean-
ingful understanding 〈v2〉 is extracted from the midrapidity re-
gion only. Naturally, midrapidity region corresponds to the colli-
sion (participant) zone and hence signiﬁes compressed matter. On
the other hand, Yc.m./Ybeam = 0 corresponds to spectator region;
Yc.m./Ybeam < −0.1 corresponds to target-like (TL) matter whereas
Yc.m./Ybeam > 0.1 corresponds to projectile-like (PL) matter.
In Fig. 1, the ﬁnal-state elliptical ﬂow is displayed for the
free particles (upper panel) and light charged particles (LCPs)
[(2 A  4)] (lower panel) as a function of transverse momen-
tum (Pt) at an incident beam energy E = 50 MeV/nucleon (left)
and 100 MeV/nucleon (right). The different curves in each panel
correspond to different mass asymmetries. Here, elliptical ﬂow is
summed over all rapidity bins. The ﬁgure reveals the following
points:
(i) A Gaussian shape is observed for 〈v2〉 at all asymmetries.
This Gaussian shaped behavior is quite similar to the one reported
by Colona and Di Toro et al. [23]. Note that these results are inte-
grated over entire rapidity range and
(ii) The neutron-rich system (8O16 + 54Xe136 with N/Z = 1.4)
exhibits a weaker squeeze-out ﬂow compared to other reactions
and prominent peaks of Gaussian diminishes especially for LCPs.
This indicates signiﬁcant dependence of 〈v2〉 on the mass asym-
metry of colliding pairs. These ﬁndings are in agreement with the
one reported by Zhang et al. [24]. Moreover, the N/Z effect is more
pronounced at E = 50 MeV/nucleon.
In Fig. 2, we divide the total elliptical ﬂow into contributions
from target-like (TL) (left panels), mid-rapidity (middle panels),
and projectile-like (PL) (right panels) particles at an incident beam
energy E = 50 MeV/nucleon. The upper and lower panels repre-
sent the free nucleons and LCPs. From the ﬁgure, we see that the
projectile-like (PL) nucleons and LCPs feel more squeeze out com-
pared to target-like (TL) nucleons/LCPs. At the larger mass asym-
metry, only small fraction of nucleons/LCPs experience squeeze
out compared to symmetric reactions. This decrease of squeeze
out with mass asymmetry happens due to decreasing participant
zone. This is in agreement with earlier calculations where frag-
ments were found to exhibit similar trends.
In Fig. 3, we display the variation of excitation function 〈v2〉
for LCPs as a function of incident energy for entire rapidity re-
gion (upper panel) and for mid rapidity region [−0.1 Y red  0.1]
(lower panel) only. The general behavior of excitation function ofFig. 2. The transverse momentum dependence of the elliptical ﬂow at E =
50 MeV/nucleon for different asymmetries divided into contributions from target-
like, midrapidity and projectile-like matter, respectively; the upper and lower panels
have same meaning as in Fig. 1.
Fig. 3. The variation of elliptical ﬂow with incident beam energy for different mass
asymmetries. The displayed results are at bˆ = 0.3. Upper panel is integrated over
entire rapidity region while lower panel shows results for selected bins only.
elliptical ﬂow for various mass asymmetries is quite similar. The
microscopic behavior, however, depends on the mass asymmetry
of the reaction. Interestingly, we ﬁnd that no transition in the el-
liptical ﬂow occurs when entire rapidity region is considered. In
contrast, a transition from the preferential in-plane (rotational-like)
emission (v2 > 0) to out-of-plane (squeeze-out) emission (v2 < 0)
occurs at mid rapidity zone. This happens due to the fact that
the contribution of spectator matter increases with rapidity region,
leading to less squeeze-out of the particles in entire rapidity re-
gion. On the other hand, the contribution of the participant zone
dominates the reaction in midrapidity region leading to the tran-
sition from in-plane to out-of-plane. This happens because the
mean ﬁeld which contributes to the formation of a rotating com-
pound system becomes less important and collective expansion
process (based on the nucleon–nucleon binary scattering) starts
to be predominant [25]. The competition between the mean-ﬁeld
and nucleon–nucleon collisions should strongly depend on the ef-
fective interactions, which leads to the divergence of the transition
V. Kaur et al. / Physics Letters B 697 (2011) 512–516 515Fig. 4. (Color online.) The energy dependence of elliptical ﬂow for the reaction of
54Xe129 + 50Sn124 (upper panel) and impact parameter dependence of elliptical ﬂow
for the reaction of 54Xe129 + 79Au197 at 50 MeV/nucleon for LCPs (lower panel).
Here, experimental ﬁndings of INDRA@(GSI+GANIL) and MSU Collaborations are
taken from Ref. [26].
energies calculated by varying the mass asymmetry of a reaction.
In other words, participant zone is primarily responsible for the
transition from in-plane to out-of-plane. The energy at which this
transition is observed is dubbed as the transition energy Etrans .
That is why, LCPs, which originate from the participant zone, show
a clear and systematic transition with the beam energy as well as
with the mass asymmetry of a reaction. One should note that tran-
sition energy increases with the mass asymmetry of the reaction.
To further strengthen our interpretation of the results of ellip-
tical ﬂow 〈v2〉, we display in Fig. 4, the reactions of 54Xe129 +
50Sn124 and 54Xe129 + 79Au197 (η = 0.2) using the same condi-
tions. The upper panel shows the variation of elliptical ﬂow per
nucleon 〈v2〉 for the reaction of 54Xe129 + 50Sn124 (Z = 2 particles)
with incident beam energy, while the impact parameter depen-
dence of elliptical ﬂow for 54Xe129 + 79Au197 system is shown in
the lower panel. The rapidity cut is in accordance with the ex-
perimental ﬁndings. The theoretical results are compared with the
experimental data extracted by INDRA@(GSI+GANIL) and MSU Col-
laborations, respectively [26]. We ﬁnd that:
(i) The variation of the elliptical ﬂow with incident energy
shows transition from positive to negative values. This change can
be centred with properties of hot and dense nuclear matter, in-
dicating a phase transition. Moreover, the mean ﬁeld, which con-
tributes to the formation of a rotating compound system, becomes
less important, and the collective expansion process based on the
nucleon–nucleon scattering starts to dominate. This competition
between the mean-ﬁeld and NN collisions depends strongly on
the effective interactions leading to different transition energies
for different mass asymmetries. This trend is in agreement with
experimental ﬁndings and
(ii) The variation of elliptical ﬂow with scaled impact parameter
(bˆ) for the reactions of 54Xe131 + 79Au197 at E = 50 MeV/nucleon
shows that the value of elliptical ﬂow 〈v2〉 turns more positive
with impact parameter. This happens due to the fact that whilegoing from the central to peripheral geometry, lesser nucleons par-
ticipate in the collision process leading to enhanced elliptical ﬂow.
Also the azimuthal anisotropy becomes larger with the impact pa-
rameter and leads to further enhancement of elliptical ﬂow. These
observations are consistent with the experimental ﬁndings and
with other theoretical work [20,26]. A close agreement with data
is obtained at all the scaled impact parameters varying from 0.1 to
0.5 [26].
4. Conclusion
In the present study, elliptical ﬂow is analyzed by varying the
mass asymmetry of colliding nuclei while total mass is kept ﬁxed.
The mass asymmetry dependence of elliptical ﬂow (in terms of
transverse momentum dependence) for free nucleons and LCPs
shows a weaker squeeze-out ﬂow for larger asymmetric reactions.
Moreover, the elliptical ﬂow is found to show a transition from
in-plane to out-of-plane in the mid rapidity region with incident
energy, while no such transition is observed when integrated over
the entire rapidity region. The transition energy, at which the el-
liptical ﬂow 〈v2〉 changes sign from positive to negative values, is
different for different mass asymmetries, and is found to increase
with the mass asymmetry for light charged particles. The com-
parison with experimental data of INDRA@(GSI+GANIL) and MSU
Collaborations supports our ﬁndings.
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